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ULTRASENSITIVE LASER SPECTROSCOPY IN SOLIDS: SINGLE-MOLECULE
DETECTION

W. E. MOERNER, L. KADOR , and W. P. AMBROSE
IBM Research Division, Almaden Research Center, San Jose, CA USA

Abstract In spite of detection intensity constraints necessary to avoid power
broadening, the optical absorption spectrum of single molecules of pentacene
In p-terphenyl crystals can be measured by (1) using laser FM spectroscopy
combined with Stark and/or ultrasonic double modulation (to remove residual
amplitude modulation) and (2) recording spectra far out in tIle wings of the
Inhomogeneous line to reduce the number of molecules in resonance to one.

INTRODUCTION

Recent progress in the optical detection and spectroscopy of single ions in vac-

uum confined in electromagnetic traps has led to novel measurements that test

our understanding of quantum physics. For example, various workers have

achieved direct measurement of quantum Jumps, Doppler sidebands, and other

fundamental phenomena such as ion crystallization 1,2. By using laser-induced

fluorescence and a novel hydrodynamically-focused flow to confine the molecules

and reduce the scattering volume, single molecutes of the protein B-phycoerythrin

with the equivalent of 25 rhodamine 6G chromophore- have also been

detected3 .

The detection and spectroscopy of a single absorber in a solid (called in tIle

case of a inlecular absorber single-molecule detection, or SMD) would provide

a useful tool for the study of local host-absorber interactions where tihe absorbing

,ontor is essentially at rest, confined by the host lattice, and where the normal

averaging over many "eqiuivalent" centers is removeld. Generally, absorbing guest

centers in solids wilh zero-i)honon transitions form inhonogeneously broadened

liles, 4 where the overall line profile is caused by a (usually Gaussian) distrib-

ution of center frequencies for the individual absorbers that is broader than Ihe,

(usually Lorenlzian) homogeneous lineshape of thp indlividual absorbors (See

Figure 1. left side). The distribution of center frequeincies is causedi by dislo-

cations, point defects, or random internal electric and strain fields and field gra-

dients in the host material. Strong inhomogenvotis broadvinng generally requires
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FIGURE 1 Schematic showing an inhomogcneous line at low temperatures
and the principle of single-molecule detection in solids. The lower part of
the figure shows how the number of impurity molecules in resonance in the
probed volume can be varied by changing the laser wave!ength. The laser
linewidth (= 3 MHz) is negligible.

low temperatures, because the homogeneous zero-phonon lines become much
narrower than the inhomogeneous distribution only when the host phonons are
quenched. In such lines, the centers within a homogeneous width of a given
frequency are located at that particular spectral position for a variety of possible
reasons in general. This intrinsic multi-dimensional inhomogeneity cannot be
removed with spectral hole-burning or coherent transient techniques. However.
with SMD the absorption spectrum of an individual absorber can become directly
accessible, as long as no other centers are present at the same frequency. This
is a primary reason to pursue the spectroscopy of individual centers in condensed
matter. For convenience in our case, one absorber will be selected for spec-
troscopy by proceeding out into the wings of the inhomogeneous line as shown
on the right side of Fig. 1.5 Since the center frequencies for those absorbers
are displaced very far from the most common center fre(ienc.ies near the center
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of the iioilogeneous l1ie0, such absorb~ers have highly unique and improbable

strained sites.

Compored to the other singleabsorbcr experiments, SMD in solids provides

a different sot of experimental challenges. The problem can be likened to finding

a needle In a haystack, because unlike the ion-trap expo, imonts, for example, the

molecule of interest is hidden within a solid containing a large niuimber ( r
1012- 101') of "non-absorbing, potentially interfering host molecules within the

laser focal volume, If laser-induced fluorescence excitation were used for SMD

and the host molecules had appreciable Raman (or Rayleigh) scattering cross

sections, the signal from the one absorbing molecule could be swamped by the

scattering signal from the host. Unlike the hydrodynamic focusing experiments,

it Is not always possible to reduce the host scattering volumc. Furthermore, it

would be intriguing to measure the absorption spectrum of a single absorber in-

stead of simply detecting its presence In a digital fashion at a fied laser wave-

length.

Rather than utilizing fluorescencp excitation m.thods, whore the chief ex-

perimental problem is the reduction of interfering scattering signals, we have

chosen an alterniative route to SMD, namely, laser FM spectroscopy 6 with double

modulation. 1"his paper describes the past efforts toward achieving SMD, and

summarizes the recent single-molecule spectra we have obtained in solids using

FM-Stark and FM-ultrasound double-modulation techniques 7. 8 for the model

system composed of pentacene substitutional impurities in p-terphenyl crystals
at 1.5K. The pontacene molecules can substitute for any one of the four

p-terphenyl molecules in the low-temperature unit cell 9, giving rise to four

S,4- So 0-0 optical absorption origins near 593 nm. mIamed O, 02, 03, and ,.

We focus on the origins 01 and 02, because the homogeneous linewidths are

smaller here than for the other origins.

PROGRESS TOWARD SMD: STATISTICAL FINE STRUCTURE
Due to the randomness associalpd will the imperfections in solid hosts. inho-

mogeneous absorption lines (at least nar their centors) ar, often approximated

by smooth, Gaussian profiles4. However. since the inlionogeneous line on a
microscopic scale is simply a superposition of discrete homogeneous liles with

widths as much as 1000 limes narrower than the overall inhomogeneous profile,

the true shape of the inhomogennous line cannot be a smootih function in reality.

In fact, unavoidable number fluctuations in the density of absorbers pIr unit

wavelongth interval should give rise to a "spc.tral noise" n the overall Gaussian

3
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background that scales as the square root of the mc,.,i number of centers in re-

sonance. To be precise, defining the average number of centers In the probed
volume within one homogeneous width of the laser wavelength as NjH, there

should be a statistical fine structure (SFS) present on Iie absorption profile

scaling in absolute magnitude as V (In the limit of Ni >> 1 ). Since SFS
arises from the absorption of many overlapping impurity absorptions, the absolute
magnitude of the SFS Is clearly larger than a single-molecule absorption signal

(where N Therefore, observations of SFS would be expected to precede true

single-molecule detection.

Recent observations of SFS in te pentacene in p-terphenyl system provided

a crucial first step toward single-molecule detection and spectroscopy 10 . This
was achieved using the high-resolution and high-sensitivity technique of laser
frequency-modulation spectroscopy (FMS) 6 to probe the optical absorption in a

zero-background manner sensitive only to narrow spectral features. This de-

tection method will bIe described in more detail in the nroxt soction.

0.8

0.4

a) 0

V -0.4
LAi.

W -0.8

FIGURE 2 SFS structure voersus lIser spol position .|ndi laser frequency inear
the inhomogeneous line center for pentaeen¢ in p-lerphenyl. A sequence
of 100 spectra were obtained, moving the 20iiti laser 5l)ol by 2nm) after each
spectrum, and the results plotted as a confloiir plotl of lihe SFS signnl to show
the SFS "landscape".
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Sinice its source is a random process, thia SFS spectral structure changes
for different probe volues, -,ld an "SFS landscape' of thea inhomogenoous tine
can be generated by acquirintg SFS spectra as a function of laser spot position,
as lin Figure 2. The bumps and vallpys lit this figure may be regarded as thea
Ofun" on thea top of the 'haystack" represented b~y the pentacone lnhomnogenootis
line that results front the statistics of independent, additive random variables.
We note In passing that a crucial physical parameter may be derived directly fromt
SFS measurements: by computing thea autocorrelatlon of the measured
spectra 10 thea homogeneous width of the underlying Lorent?.ian profiles zniny be
determinedc.

Subsequent to thea first observations of St-S, other researchers moved closer
to sing le-absorber detection In solids by observing SFS at Increasingly lower
impurity concentrations. Lange et al. relied upon fluorescence excitation of
Sin?' IIons in CaF2 at 77K witht a fixed frequency laser lit tightly focused spots.
These researchers saw Possoit fluctuations lit the detected fluorescence as a
(untction of thle position of the focal spot and concluded that they had reached thle
level Ni m S. Another novel approach, developed by tlia Yon group at thle Uni-

varsity of Georgia12, used laser ftuorescentce excitation lIn a glass fiber c101)0(
with NdI3 ions. Here then fiber geometry effectively mtainttains a1 small focus antd
a small probing volume lin order to redluco backgrountd signals fromt tlta Itost.
The mteasured SFS ledi ttese researchers to conclude that they had reachtedN!
values on thle order of a low tons of ions, lit both cases. special detection go-
ometries were necessary to avoid host background fluorc-scence.

EXPERIMENTAL APPROACH TO SMD
Our approach to SMD for pentacene lin p-terphanyl avoids (te problem of
fluorescence background by using a powerful absorptiont techniquo, laser FM

6. h ai pr
spectroscopy (FMS) . h ai prtion of FMS Is illtistrated lin the upper part
of Figure 3. A tunablp single-frequency cw Rhodaitt GG lase-r boamt -.t m, is
passed through an vlectro-optic phtase mtodulator EO to produce ligt tht is frq-
quency-nioculated at1 a rf frequentcy (1).. li inm MI-I range. This FM lightt bnatu
has thea spectrum shown lin tlte upper renter of the figure: a carrier at the origintal
frequency. plus two sidebands displaced by ~-t,,fromt th carrier. 11f this FM light
beanm were sent diirectly to a htigh-speed fpholocino le etecor (which measure-S
tilemivelope of the po0wer absorbed), Ito photocurrent at m... wouild be0 dltectod(.
lit other words, an FM ligt beamt htas Ito amplitude, modulation (AM). lIn the
frequency domain, this lack of AM call be ii-estooci by iiling ithat Oite of 11te

5
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two sidebands is in phase and the other out of phase with respect to the carrier.

Therefore, the beat signals caused by each sideband Interfering with the carrier

cancel.

" t U 0. 1' WC

CO APD

D LS

FIGURE 3 Schematic showing the principle of FM spectroscopy with Stark

secondary modulation. The upp~er part of the figure shows the dye laser (DL)

spectrum before the electra-optic phase modulator (SO), after the EO, and

after the sample in the cryostat C. Legend: rf - rf oscillator at e ,, APD -

avalanche photodiode detector, M - dlouble-Ialanced mixer, HV - high voltage

source, LIA - lock-in amplifier, DS - digital storage andl averaging oscillo-

scope.

Now when a spectral feature is present that disturlbs the I)alance beotweemi

the two sidebands, a rf photocurrent appears that is prop~orlional to the dlifference

in optical absorption at the upper and lower sidebands. This photocurrent at ,,,

may be (detected (phase-sensitively) by a rf lock-in composed of a mixer M driven

with a local oscillator derived from the original rf source. Thlus, the low frequency

or baseband signal at the I port of the mixer is thio standard FMS signal, with= the
following properties13 : (1) it appears on1 a background that is (lerived from= the

laser noise at en,,,, which iiay Ihe at t he quantum limit if n1o CXCOSS noise is ini-

j6_-+
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troduced by the detcctor, (2) ilia size of the signal is largest when thin Spectral

feature is narrower In width than w,., and (3) for wide spectral features the FlVS

signal is proportloiil to the derivative of the feature with an amplitude ap-

proaching zero for increasing width of thea feature. Point (1) is responsible fo- thia

quantum-liied performance of FM spectroscopy that has been achieved with

simple (non-avalanche) photodlodes'4  Point. (2ind (3) oa particularly imipor-

tant for SMD, because any undesired optical absorption front other impurities or

from the p-terphunyl host that is broad compared to (a, is not detected with ap-

preciable amplitude. Withi our values of aY,/2fl - %I I 50 - 90 MHz, only rigid

molecules like pentacene with homogeneous widthls less than ct 100 MHz will be

detected.

There Is one background signal from FMS that must be avoided. Since thea

method directly senses thea conversion of FM into AM, any residual AM (also

called RAM) from imperfections in the modulator can give rise to .1 spurious

background signal. To overcome this, we utilized a secondary modulation of thea

spectral feature itself. Figure 3 shows the case where the secondary modulation
is produced by an electric field oscillating at a low frequency in thea kilohertz
range. The electric field shifts thia absorption p~rofile twice n.ach cycle via the

quadratic Stark effect. Then thea output of the mixer, processed by a final lock-in

amplifier LIA at 2f, yields a detected signal that is free fromt RAM background li-

mitations. In addition to this FM/Stark technique, we also separately utilized 7

different secondary modujlation to achieve SMD, ultrasonic (stress) modlulatlonl.

whichl operates in a similar fashlion lby shifting the hiomogennous linne in a periodic

fashion. It is clear that otlher local perturbations of thii imipurity miolecuil might

also be used for double-modulation de~tectionl.

Tile size of the exp~ected absorption signal front a sinqle m~olecule is

straighltforward to estimiate The change ill absorhanco. C Ae)L. i%- givr'n by tflp

probab~ility of absorptionl of a Ipl'oton in the incideont botin by tlip m1oleculn. a/A,

where a is the p~eak absorption cross section ind A is Ilt aroa of Ilt laser be-am.

Clearly. then. one would prefer tightly focuise.d laser %pots aind ulolecules with

stronlg absorptions. In ouir experimnlit. thn, focal spot was -3 pin1 il diameter.

and thin peak low-temperature) absorption cross section for pelltflceno is

9.3 x 10 17cmi2, yieldIing an absorbance chlange of -10 1. This is 1101 an roxtrenioly

smiall signal except that (]electionl must be porfornmd withl a light intensity that

does not p~rodIuce extremp power broadfeningj. To niet this conslraint in a tightly

focused spot, we performeod measuremlentls willi only 0.1 jtW of light at1 the de-

lector. Even at this level we chose to accept soiomll amoinl of power broadening.

7
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Such a low l!-ht level requires an avalanche photodiode to avoid detector John-
son noise. However, avalanche photodiode3 htave an excess multiPlicative noise
which requires operation somewhat above tile quatum limit.

RESULTS: FM/STARK TECHNIQUE
In spite of those limitations, tile FM/Stark and FM/US methods can be used to
detect tile optical absorption of a single molecule of lpentacene io a sold crystal
of p-tcrphenyl. Figure 4 shows examples of the spectra for thle FM/Stark case.

C 0

0.

-0.

0 200 .400 600

Lasor rrequ~ncy (MHz)

FIGURE 4 Single-molecula spectra using FM/Stark Rechniclue (quadratic
Stark effect) (a) Simulation of absorption linel. (b) Simulation of FM spectrum
for (a), %,,,r 75 MHz. (c) Simulation of FM/St.nrk double-modulation lineshape.
(d) SMD spectra it 592.423 nmn, 512 averages. 8 traces overlaid, bar Shows
value of 2%,,,, = 150 MHz. (01 line center Is at 592.326 nrn .) (P) Average of
traces in (d) with fit to thle in-foctis moleculp (smnooth ruirvp). (1) Sigoia vesry
far off line at 597.514 nmn. same ronclitions. (g) Trnrcmui W~ SFS at1 the 02 linn

center. 592.186 nin. 128 nverages each.

The first three traces show simulations to explainlIl te xp-cled single-m1olecule
linoshape for either Stark or ultrasonic double moduflation. Trace 41(a) shows a1
Lorentzian absorption profile of width y, and trace 41(h) shows the exprscted simple

FM signal'3 : two copies of the absorption line with opposite siqn. spaceod b~y

8
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2v. - i50 MHz (in the limit y < < Y,.). With secondary modulation that causes

frequency shifts tess than the tinewidth, the resulting doublG-modulation lineshope
is the derivative of the simple FM lineshape (trace 4(c)). Thus the signature of

a single molecule is a 'W'-shaped feature with a large negative slope and a large
positive slope separated by 2r..

In a typical experiment, the laser frequency was set near the center of the
Inhomogeneous line, and the resulting strong SFS signal was used to optimize
the optical and electronic configuration. Then as the laser wavelength was moved
out Into the wings of the line, the SFS amplitude dropped uniformly. Eventually
spectra that appear to be superpositions of 2-5 single-morecule spectra like trace

4(c) were observed. Finally, sufficiently far out into the wings of the line, true
single-molecule spectra could be recorded. Trace 4(d) sbows a sot of eight
FMIStark double mredulation spectra of a strong in-focus molecule far out in the
long.wavelength edge of 0,. along with severl on*voidable weak rep(eiatable

features from outof-focus molecules at the lIt And right edges of the laser scan
range. These out-of-focus features were caused ,'. molecules not located at the

laerw waist position (see Fig. 1) and may be opr4rexsed in future experiments
with thinner samples. The liducial bar marks a ;!pectral range equal to 2.,,'. Trace

4(e) shows the average of the eight scans in 4(d), along with a fit to the central

feature generated by a simple model for tiho do;ble-modulation process8 . The fit
to the essential features of the SMD !in(,shape is reasonable. and Ith homoge-
neus width required by the filling process Is somewhat larger than the low-

power homogeneous width, as expected.
Trace 4(f) shows the detected signal from a laser wavelength so far away

from the pentacene site origins that no molecules are expecled to lie in the ; sw

scan range; this is the background shot and avalanche 1oise. In samples of

doped pure p-lerphenyl, on~y a baseline noise lovl similar i tho off-Iliu' il" I.'
Fig. 4(f) was observed, even near the center of tih inhomorqeneous lincr. Trv.e

4(g) shows spectra of tifi strong SFS ,lorrvi-d sar tim rnt,-r )f the inh mnto-

'JeneOus lint losing ) snpttr iaiJbr n avirh.. This spectruni if cO' li)OmposC
of a sofj oru'dfn{ .t mnaiey f ~v protik:!; like Filro 4(N) with many (lifferrbnn rntor
Ifr(jvl.l ';os, itlInl.lI) t 1w 'valitative Wlenronrv bnowina spectra of largo ntan!-
hers tA ,:ulo . 49p)) and speciri of jne? molecril, (Fig. 4(d)).

Usinc| th) retAe IIUC,/US lrcimt,,(.ur, whon tie modulating ftreqLency Vin

Is varied, lihp 'sh ,ng-tmolecuie Imm Lpoh i;an b.e observed to ex)andI and contract
-is rrjutir-l to rnainlain !4n,. propor .;paclng betwoon tho hinmr nr(l(Js of the "W.

Saj:hi ,(-r varialioi)" is irn roror.'0 spnctrunmi cannot ho, olsorv(l whrn many

9
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molecules are present in the laser scan. This, in conjunction with the shape of

the observed features, the position relative to Ihe pentacene in p-terphenyl ori-
gins, the lack of such signals in undoped samples, and the appearance of sin-
gle-molecule spectra with both the FM/Stark and FMIUS techniques, leads us to
the conclusion that the recorded spectra are due to single molecules of

pentacene.

DISCUSSION
One experimental shortcoming of zero-background techniques is the difficulty in
absolute calibration of the observed signals. We attempted to carefully do this
by using a FM signal of known amplitude, but the amount by which the absorption
lines were shifted by the secondary modulation could only be estimated. In spite

of these limitations, the size of the single-molecule signals appears to be some-
what larger than expected given our level of power broadening. This Inlriguing

observation (which needs !o be confirmed In future experiments) suggemits that
pentacene molecules in the highly strained, improbable sites far out in the wings
of the inhomogeneous line may have reduced Intersystem crossing rates.

The attainment of single-molecule detection and spectroscopy In solids

opens up a new frontier of single-absorber experiments in which tle measured
properties of the absorbing center are not averaged over many 'equivalent' ab-

sorbers. Here the absorbing entity is exquisitely sensitive to the symmret'y and
perturbations introduced by the local environment such as the local vibrational
modes and the true local fields. While as a general technique the method pre-

sented here is not applicable to all molecular ,purities, it can be. applied to the
large number of absorbing Ions and mclecules in solids that have zeco-phonon

transitions. The detectability of the resulting single-center signal. which ultimately
depends upon the absorption strength and upon quantum noise limits, must 1)e
evaluated in each case. For situatior,; in which the molecular linewidlh is large.
recent important advances in two-tr" a FIV spectroscopy 15. 16 make FMS prac-

lical with very large sidel)and sp.,tIngs.

Supported in part by the U. S. Office of Naval Research.
Present address: Lehrstuhl for Experimentalplhysik IV. University of Bayreuth,

Bayreuth. West Germany
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